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ABSTRACT To determine how murine memory and naive
T cells differ, we generated large numbers of long-lived
memory CD81 T cells and compared them to naive cells
expressing the same antigen-specific receptor (T cell receptor;
TCR). Although both populations expressed similar levels of
TCR and CD8, on antigen stimulation in vitro memory T cells
down-regulated their TCR faster and more extensively and
secreted IFN-g and IL-2 faster than naive T cells. Memory
cells were also larger, and when freshly isolated from mice
they contained perforin and killed target cells without having
to be restimulated. They further differed from naive cells in
requiring IL-15 for proliferation and in having a greater
tendency to undergo apoptosis in vitro. On antigen stimulation
in vivo, however, they proliferated more rapidly than naive
cells. These findings suggest that, unlike naive T cells, CD8
memory T cells are intrinsically programmed to rapidly
express their effector functions in vivo without having to
undergo clonal expansion and differentiation.

Following an initial response to antigen, some lymphocytes
acquire altered properties and persist for prolonged periods.
The collective behavior of these cells, termed immunologic
memory, constitutes one of the cardinal features of the ver-
tebrate adaptive immune system (reviewed in refs. 1–3). For B
lymphocytes the distinguishing properties between the cells
responsible for memory (memory B cells) and their precursors
(naive B cells) have long been known (4, 5). In response to
antigenic stimulation, memory B cells secrete high-affinity IgG
(or IgE or IgA) rather than the low-affinity Abs (IgM and IgG)
produced during the primary B cell response (6). These
differences result from Ig gene class switching, somatic hyper-
mutation of Ig variable gene segments, and selection of B cells
expressing high-affinity Ig receptors by antigen during the
primary response to antigen (7–9). The antigen-stimulated
generation of memory B cells is largely responsible for the
effectiveness of natural infection and vaccines in conferring
immunity against many microbial pathogens.

Although memory T cells are known to exist (10–20), the
properties that distinguish them from their naive precursors
are only known to a limited extent. A major obstacle prevent-
ing a more complete characterization of memory T cells has
been their limited availability and the heterogeneity of the
memory T cells expressing different T cell receptors (TCRs) in
most model systems. In this study we modified an adoptive
transfer protocol (21) by using recombination activating
gene-1 (RAG1)-deficient mice as transfer recipients. Because
they lack endogenous lymphocytes, a substantial number of
memory T cells (3–4 3 106ymouse) were generated after
adoptive transfer of CD8 TCR transgenic T cells followed by
immunization with antigenic peptide. Functional comparisons
of the resulting CD8 memory T cells with their naive coun-
terparts revealed some unique properties that may underlie the
characteristic memory T cell response.

MATERIALS AND METHODS

Peptides, CTL Clones, and Mice. The T cells we are con-
cerned with are CD81 cells that express the transgenic ab TCR
of a cytotoxic T lymphocyte (CTL) clone known as 2C (22, 23).
The 2C TCR recognizes SIYRYYGL (called SYRGL) in
association with Kb (syngeneic) and QLSPFPFDL (called
QL9) in association with Ld (allogeneic) (24, 25). CD81 2C
CTL clones (2C88 and L3.100) were maintained by weekly
stimulation with irradiated P815 (Ld1) cells. RAG1-deficient
(RAG12/2) mice, backcrossed to C57BLy6 (B6) mice for 13
generations, were used between 3 to 10 weeks of age as
adoptive transfer recipients. Also used as recipients were B6
female mice, 4 weeks of age, from The Jackson Laboratory.
Naive donor T cells were from lymph nodes of 2C TCR
transgenic mice on the RAG12/2 background (2CyRAG).

Adoptive Transfer and Immunization. More than 95% of
lymph node cells in 2CyRAG mice express the 2C TCR. About
0.5–1.0 3 106 of these cells (CD252CD692CD442) were
injected i.v. into nonirradiated RAG12/2 recipient mice. To
generate memory cells, recipients were immunized 3 days later
with 50 mg SYRGL in Freund’s adjuvant at three s.c. sites: the
base of the tail and the scruff of the neck (complete adjuvant)
and the right forepaw (incomplete adjuvant). To transfer naive
and memory cells into B6 mice, each recipient received 1 3 105

2C lymph node cells (naive cells from 2CyRAG donors and
memory cells from RAG12/2 recipients 1 month or more after
immunization), and recipients were immunized as above.

Abs, Intracellular Staining, and Flow Cytometry. Abs to
CD8, CD25, CD69, CD44, CD62L (L-selectin), Ly-6C, Fas,
Fas ligand, cytolytic T lymphocyte-associated antigen 4
(CTLA-4), and IL-2 receptor b (IL-2Rb) were purchased as
conjugates from PharMingen, as were Annexin V, streptavi-
din-phycoerythrin (S:PE), and strepavidin-allophycocyanin
(S:APC). Anti-CD11A [lymphocyte function-associated anti-
gen 1 (LFA-1)] Ab was conjugated with FITC. Clonotypic Ab
1B2, specific for the 2C TCR, was conjugated to biotin.
FITC-labeled anti-BrdUrd Ab was from Becton Dickinson.
Cells were stained in the presence of 3 mgyml anti-FcR Ab in
PBS containing 0.1% BSA and 0.1% NaN3 and analyzed by
flow cytometry, collecting 10,000–400,000 live cells per sam-
ple. 2C cells having DNA-incorporated BrdUrd were stained
with Abs to the 2C TCR and CD8, fixed, permeabilized, and
then stained with anti-BrdUrd Ab (26). To detect intracellular
perforin, cells were incubated with 10% mouse serum in PBS
(to block FcR), stained with biotinylated 1B2 followed by S:PE,
fixed in 75% alcohol, permeabilized in PBS containing 1%
paraformaldehyde and 0.01% Tween-20, and incubated with
ascites fluid (1:500 dilution) containing rat anti-mouse per-
forin Ab (P1–8, 27) followed with FITC-labeled goat anti-rat
Ab (Kirkegaard & Perry Laboratories, Gaithersburg, MD).
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Purification of T Cells by Magnetic Sorting. Unless other-
wise indicated, magnetically purified memory and naive cells
and 2C CTL clones (all 1B21CD81) were used in in vitro
assays. Cells from lymph nodes and spleens were pretreated
with anti-FcR Ab and then incubated with anti-CD8a Ab-
labeled microbeads (Militenyi Biotec, Alburn, CA) by using 2
beadsycell, and isolated on a SuperMACS cell sorter (Militenyi
Biotec). The purity of the eluted cells was typically 40–70%
(memory cells), 90% (naive cells), and 99% (2C clones). The
procedure did not activate naive or memory cells, as indicated
by negative results for expression of CD25, CD69, and CD44
over the next 3 days and for [3H]thymidine incorporation after
culturing for 72 hr.

T Cell Activation, Cytokine Secretion, and Proliferation in
Vitro. Approximately 5 3 105 purified 1B21CD81 naive or
memory cells were incubated (37°C) with 1 3 1028 M SYRGL
and a 2.5- to 5-fold excess of irradiated syngeneic B6 spleno-
cytes in 1 ml in 48-well f lat-bottom plates. The addition of
excess B6 splenocytes not only provided antigen-presenting
cells (APC) but also helped to minimize any effects of varying
numbers of contaminating cells in various purified prepara-
tions. After 3, 6, 12, 24, 48, and 72 hr, samples were removed
and separated into cell pellets to detect activation markers and
supernatants to measure secreted IL-2 and IFN-g. Cell pro-
liferation was measured by [3H]thymidine incorporation in
96-well f lat-bottom plates by using 1 3 105 memory or naive
cells, a 2.5-fold excess of irradiated B6 splenocytes, and various
concentrations of SYRGL. After 48 hr, 1 mCi (1 Ci 5 37 GBq)
of [3H]thymidine (NEN) was added and cells were harvested
16 hr later.

Cytolytic Assays. 51Cr labeled T2-Kb target cells and
SYRGL were incubated with naive or memory cells or CTL
clone L3.100 in round bottom wells of 96-well plates. After 6
hr 51Cr in supernatants was counted. Except for sextuplet wells
to determine spontaneous and maximum 51Cr release, all
samples were assayed in triplicate. Specific lysis was calculated
as follows: [(experimental counts 2 spontaneous counts)y
(maximum counts 2 spontaneous counts)] 3 100.

RESULTS

Expansion, Survival, and Surface Phenotype of Adoptively
Transferred 2C Cells in RAG12/2 Recipients. Five days after
immunizing RAG12/2 recipients, the 2C cells in draining
lymph nodes were 70 times more abundant than in the
corresponding lymph nodes of nonimmunized controls. In the
immunized mice, nearly all of these cells had become CD441

and CD251, indicating their activation by antigen (data not
shown). One month later, the total number of 2C cells had
decreased to '3 3 106 cellsyrecipient, and they amounted to
about 30% of lymph node cells and 5% of splenocytes (Fig.
1A). After 7 months, the total number of CD81 2C cells
remained essentially unchanged; they still exceeded the num-
ber of naive cells initially transferred and amounted to 50–75%
of lymph node cells and 10% of splenocytes. Antigen-primed
2C cells expressed similar levels of TCR and CD8 as naive cells
and were negative for activation markers CD25 and CD69 (Fig.
1B). However, they were larger, their level of the IL-2Rb
subunit was greater and increased over time, and they uni-
formly expressed the characteristic surface phenotype of mem-
ory T cells: high levels of CD44, CD11A, and Ly-6C, and low
levels of CD62L. They are therefore referred to as memory
cells. For all subsequent functional analyses, memory cells
were taken from RAG2/2 recipients at least 1 month after
immunization.

Memory 2C Cells Undergo More Rapid Activation Than
Naive Cells. To compare the functional properties of naive and
memory cells, 2C cells were isolated by magnetic sorting from
donor and immunized recipient mice, respectively. They were
then incubated with SYRGL using irradiated B6 splenocytes

as APC. After 3, 6, 12 and 24 hr incubation, cells were analyzed
by flow cytometry and supernatants were examined for se-
creted cytokines. Both memory and naive cells were activated
to express CD69 (data not shown) and to increase in size
(became ‘‘blastic’’) by 12 hr (Fig. 2A), but the 2C TCR was
down-regulated much faster and more extensively on memory
cells (Fig. 2B). About 75% of the TCR molecules on memory
cells had disappeared by 3 hr and they had largely returned to
their normal level by 12 hr, whereas on naive cells the lowest
level was not observed until 12 hr. The CD25 levels were also
considerably higher on memory cells at 3 hr, but after 6 and 12
hr the increase was about the same on both cell populations
(Fig. 2B). Without peptide stimulation, neither memory nor
naive cells secreted IFN-g or IL-2, but addition of peptide led
memory cells to respond much faster: by 12 hr they secreted
40-times more IFN-g than naive cells (Fig. 2C). IL-2 was also
initially secreted faster by memory cells (Fig. 2C), but its
production by these cells leveled off at '12 hr, probably
because of extensive cell death (see below).

FIG. 1. Persistence and surface phenotype of antigen-stimulated
2C cells. (A) Persistence. One and 7 months after immunization,
lymph node and spleen cells of RAG12/2 recipients were stained with
Abs to the 2C TCR and CD8. The percentages and total numbers (in
parentheses) of 1B21CD81 T cells are shown. In the transferred naive
cell population, 5–25% of the 1B21 cells were CD82 and CD42; these
cells persisted after the recipients were immunized. (B) Surface
phenotype. Lymph node cells from naive 2CyRAG donors and
immunized RAG12/2 recipients were stained with Abs to 2C TCR,
CD8, and other cell-surface proteins. Cell size (forward light scatter,
FSC) and expression of various markers were gated on live 1B21CD81

cells. Naive cells (black); memory cells at 1 month (red) and 7 months
(green).
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Freshly Isolated CD8 Memory T Cells Are Cytolytic. To
evaluate the cytolytic activity of 2C memory and naive cells, we
examined them when freshly removed from lymph nodes and
spleen and purified by magnetic sorting. That the purification
procedure did not influence the results was indicated by the
finding that cells of 2C clone L3.100 had the same cytolytic
activity whether subjected to magnetic sorting or not. Memory
cells, but not naive cells, were cytolytic (Fig. 3A). Although
maximum lysis of target cells by memory cells was less than that
of a potent 2C CTL clone (L3.100), the same concentration of
SYRGL peptide (1–2 3 10213 M) was required for half-
maximal killing by both memory cells and the cultured clone.
To determine whether memory cells already had the capacity
to kill in vivo or had acquired cytolytic capability during the
course of the 6-hr ex vivo assay, the assay was performed in the
presence of cycloheximide. This inhibitor of protein synthesis
had no effect (Fig. 3B), indicating that all the proteins required
for cytolysis were already present in memory cells in vivo. In
support of this evidence, perforin could be detected in freshly
isolated memory cells (Fig. 3C). Moreover, the cytolytic
activity of memory cells, like that of the CTL clone, was
inhibited by concanamycin, an inhibitor of perforin activity
(36), and by EGTA, which inhibits degranulation (Fig. 3B).
Together, these findings show that memory CD8 T cells can kill
target cells in vivo by perforin–granule exocytosis without
requiring restimulation by antigen.

Proliferation of Memory Cells in Vitro Requires Special
Conditions. To compare the proliferative responses of mem-
ory and naive cells, equal numbers of purified cells were
titrated with SYRGL by using irradiated B6 splenocytes as
APC. Naive cells proliferated vigorously, with a half-maximal
response at about 5 3 10210 M SYRGL (Fig. 4A). However,

memory cells did not proliferate appreciably at any peptide
concentration tested. They also failed to proliferate in re-
sponse to phorbol 12-myristate 13-acetate (PMA) plus iono-
mycin, or Con A, or IL-2, or IL-2 plus SYRGL, or when
syngeneic antigen (SYRGL-Kb on B6 splenocytes) was re-
placed with a potent allogeneic antigen (QL9-Ld on BALByc
splenocytes) (Fig. 4B and data not shown). These results were
particularly surprising because in response to antigen memory
2C cells became blastic and rapidly expressed CD25 and
secreted IL-2 and IFN-g. The failure to proliferate could not
be attributed to a suppressive factor or to the purification
procedure because (i) naive cells alone and a 1:1 mixture of
naive plus memory cells proliferated to the same extent in
response to antigen and (ii) unpurified memory cells also failed
to proliferate (data not shown). It was only when IL-15 was
added that memory cells proliferated (Fig. 4C). When peptide

FIG. 2. Memory cells respond more rapidly to antigen than naive
cells. Purified memory and naive 2C cells were incubated with antigen,
removed after 3, 6, and 12 hr, and stained with Abs to 2C TCR, CD8,
and CD25. Forward light scatter (FSC) and expression of TCR and
CD25 were gated on live CD81 cells. No antigen added (black);
memory cells plus antigen (red); naive cells plus antigen (green). (A)
FSC. (B) Surface levels of TCR and CD25. (C) Secretion of IFN-g and
IL-2. Culture supernatants were assayed by ELISA for IFN-g and IL-2.
The symbols are as follows: memory cells with antigen (F) or without
antigen (E); naive cells with antigen (■) or without antigen (h).

FIG. 3. Memory 2C cells are cytolytic. (A) Comparison of cytolytic
activities of memory and naive cells and 2C CTL clone. Purified cells
were added at a 20:1 T cell to target cell ratio to 51Cr-labeled T2-Kb

cells with various concentrations of SYRGL. 1B2 Ab to the 2C TCR
was added at 60 mgyml to verify that lysis was TCR dependent (open
symbols). (B) The effect of various inhibitors on cytolytic activity of
memory cells. Cytolytic assays were as in A, but before the addition of
target cells and peptide, T cells were incubated with cycloheximide
(CHX, 20 mgyml) or concanamycin A (CMA, 2 mM) for 2.5 hr or with
EGTA (4 mM) for 20 min. Inhibitors were present throughout the
assay. (C) Memory cells express perforin. Memory cells, naive cells,
and a 2C CTL clone (2C88) were stained with 1B2, fixed, permeabil-
ized, and stained intracellularly with an anti-perforin Ab (P1–8).
Intracellular perforin of 1B21 cells is shown. Control refers to memory
cells stained only with the secondary Ab. Peak 1, control; peak 2, naive
cells; peak 3, memory cells; and peak 4, CTL clone 2C88.
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was added in addition to IL-15, [3H]thymidine incorporation
was markedly reduced, perhaps because many antigen-
stimulated memory cells died before they could proliferate
(see below). The naive cells, in contrast, responded only weakly
to IL-15 alone, but their response was strongly enhanced by the
combination of IL-15 and peptide.

To investigate further the curious proliferative behavior of
memory 2C cells in vitro, memory and naive cells were
incubated with SYRGL plus B6 splenocytes and examined by
flow cytometry after 3, 6, 12, 24, 48, and 72 hr. No differences
were detected in the expression of Fas, Fas ligand, and cytolytic
T lymphocyte-associated antigen 4 (CTLA-4) (data not
shown). However, when stained with Annexin V, which binds
to phosphotidylserine translocated to the outer membrane of
apoptotic cells (28), the majority of memory cells were An-
nexin V-positive (and propidium iodide-negative) 3 hr after
stimulation, whereas most naive cells remained negative at all
time points analyzed (Fig. 4D). Consistent with Annexin V
staining, .85% of memory cells died within the first 24 hr after
stimulation and very few were still alive at 72 hr.

Memory T Cell Proliferation in Vivo. Approximately 1 3 105

memory or naive cells were injected i.v. into nonirradiated B6

mice, and 3 days later the recipients were immunized with
SYRGL in Freund’s adjuvant. Draining lymph nodes of mem-
ory and naive cell recipients contained detectable 2C cells only
if the recipients had been immunized (Fig. 5A), indicating
antigen-stimulated expansion of both cell populations in vivo.
To verify that the apparent increase in memory cell number
was a result of proliferation and not a redistribution of cells,
the recipients were treated with BrdUrd before and after
immunization. After 3 and 5 days, almost all 1B21CD81 cells
were BrdUrd positive, confirming that memory (as well as
naive) cells had proliferated (Fig. 5A and data not shown). The
total number of 2C cells recovered on day 3 was about 3-fold
lower in recipients of memory cells than in recipients of naive
cells (3 3 104 vs. 1 3 105, P , 0.005, Fig. 5B), but by day 5, the
total number of 2C cells was about the same in recipients of
either cell type. Moreover, at day 5, the intensity of BrdUrd
staining (geometric mean fluorescence values) was actually
higher in the proliferating memory cell population (150 vs. 100,
P , 0.025, Fig. 5A), suggesting that whereas fewer memory
cells initially divided, those that did proliferated more rapidly
than naive cells.

DISCUSSION

To characterize the functional properties of memory T cells it
is useful to have available for comparison adequate numbers
of homogeneous naive, memory, and effector cells, all express-
ing the same TCR. To this end we used transgenic mice
expressing the 2C TCR as donors and modified the adoptive

FIG. 4. Proliferation of memory and naive cells in vitro. (A)
Comparison of the proliferation of purified memory and naive cells by
[3H]thymidine incorporation. (B and C) Proliferation under different
conditions. Cells were stimulated with SYRGL in the presence or
absence of IL-2 (100 unitsyml) or human recombinant IL-15 (100
ngyml), or with Con A (2 mgyml) or PMA plus ionomycin (25 ngyml
and 0.5 mM, respectively). Naive cells (N) are shown in hatched
columns and memory cells (M) in open columns. (D) Apoptosis of
memory cells following antigen stimulation. Memory cells were incu-
bated with SYRGL and irradiated B6 splenocytes as in Fig. 2. After
3-hr, cells were stained with Abs to the 2C TCR, CD8, and with
Annexin V. The Annexin V expression was gated on 1B21CD81,
propidium iodide-negative cells. Peak 1, unstimulated cells at time
zero; peak 2, unstimulated cells at 3 hr; and peak 3, antigen-stimulated
cells at 3 hr.

FIG. 5. Proliferation of memory T cells in vivo. (A) Memory or
naive cells were transferred into nonirradiated B6 recipients and
immunized 3 days later. Mice were injected i.p. with BrdUrd 5 hr
before immunization and were maintained on BrdUrd in drinking
water. Three and 5 days following immunization, cells from draining
lymph nodes (axial, lateral, and inguinal) were stained with Abs to
TCR, CD8, and BrdUrd to determine the number and percentage of
1B21CD81 cells that incorporated BrdUrd (see arrow). Specificity of
the BrdUrd stain is shown by its inhibition by 0.1 mM soluble BrdUrd
(1sBrdUrd). The plots shown are for recipients on day 5 after
immunization. (B) Percentages of 2C CD81 cells (Left) and total
numbers (Right) in lymph nodes 3 and 5 days after immunization. The
symbols are as follows: naive recipients with immunization (h) or
without immunization (■); memory recipients with immunization (E)
or without immunization (F). Each symbol represents an individual
mouse. Horizontal lines are mean values.
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transfer procedure developed by Kearney et al. (21) by using
RAG12/2 instead of normal mice as recipients. Based on the
numbers of memory cells generated in immunized recipients of
2C cells and on previous reports (21, 29), we estimate that at
least 10 times more memory cells are produced in RAG12/2

recipients than in normal recipients, probably because antigen-
activated T cells could expand in the RAG12/2 mice without
competition from other lymphocytes. Because both the donor
and recipient mice were RAG12/2, all memory cells expressed
the same TCR and could be isolated without contamination by
other T cells.

Memory cells uniformly expressed high levels of CD44,
CD11A and Ly-6C, and low levels of CD62L as variably
reported previously (16, 17, 29, 30). They were larger and
responded faster than naive cells to antigen, especially in
down-regulating TCR and secreting IFN-g (Figs. 1 and 2).
Because the levels of TCR and CD8 coreceptor on both
populations were similar, this difference suggests that memory
and naive cells differ quantitatively, and perhaps qualitatively,
in the components needed for TCR endocytosis (31). In
contrast to effector cells (18, 19, 32), memory cells did not
express CD25 or CD69 or secrete IFN-g or IL-2 in the absence
of antigen stimulation (Figs. 1 and 2), indicating that they were
not chronically stimulated by persistent antigen. Antigen per-
sistence was also most unlikely because SYRGL peptide could
be detected in serum only for the first 2 days after immuni-
zation but not thereafter (,1 3 10213 M, data not shown). In
addition, the memory cells survived for at least 6 weeks after
transfer into nonirradiated, nonimmunized B6 recipients (data
not shown). However, like effector cells, the memory cells
contained perforin and were able to lyse target cells without
antigenic restimulation and also in the presence of a protein
synthesis inhibitor (Fig. 3). Even 1 year after initial immuni-
zation, the memory cells were able to lyse target cells ex vivo
(data not shown). Thus, in contrast to the notion that the
cytolytic activity of memory cells requires antigen induction (2,
3), memory cells are poised to immediately lyse target cells in
vivo.

Despite their rapid responses to TCR-mediated stimulation,
memory 2C cells proved surprisingly incapable of proliferating
in vitro in response to antigens (syngeneic and allogeneic), or
PMA plus ionomycin, or Con A (Fig. 4). The defect was not
because of induction of anergy, for unlike anergic T cells (33),
memory 2C cells could respond to antigen by expressing CD25
and secreting IL-2 (Figs. 1 and 2). They also did not secrete
IL-10 on antigen stimulation (data not shown), as reported for
tolerized T cells (34). The only factor that provoked memory
cell proliferation in vitro was recombinant IL-15 (Fig. 4),
consistent with the up-regulation of the IL-15 receptor on
memory cells (increased expression of the IL-2Rb but not a
subunit; Fig. 1B and ref. 35). Memory cells also proliferated in
vivo in response to antigenic peptide (in adjuvant) (Fig. 5). It
may be that a factor, possibly IL-15, is required for memory cell
proliferation and that it was absent from the in vitro assays but
was available in the immunized mice, perhaps because of an
‘‘adjuvant’’ effect on dendritic cells and macrophages. In the
absence of this factor in vitro, activation of memory 2C cells
appears to have led to apoptosis (Fig. 4D). Although the
underlying mechanisms remain to be elucidated, taken to-
gether the observations show that naive and memory 2C cells
differ profoundly in the conditions required for proliferation
and in susceptibilities to apoptosis.

The functional properties of memory cells point to the
advantages these cells have over naive cells in providing
protection against infections with viruses or other intracellular
microbes. If infection is initiated when memory cells are
already present (as a result, say, of previous infection with the
same organism or vaccination) these cells are capable of
immediately mounting a cytolytic attack on infected cells and
secreting IFN-g and IL-2. Naive cells, in contrast, have to

undergo proliferation and differentiation into effector cells, a
process that often takes many days during which infection
progresses. And even though memory cells appear to have a
greater propensity to undergo antigen-driven cell death, the
surviving cells can proliferate and probably maintain the
memory population. These properties suggest that current
efforts to develop vaccines for eliciting CD8 T cell responses
should focus on immunization strategies and immunogens that
enhance the generation and survival of memory T cells.
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